INTRODUCTION
Accurate and expeditious laboratory identification of the species Mycobacterium tuberculosis, antimicrobial susceptibility testing, and genotyping for epidemiologic purposes contribute to the success of tuberculosis (TB) control programs. Two commercial nucleic amplification methods for detecting and identifying M. tuberculosis and other species in the M. tuberculosis complex in less time than by conventional methods have received approval for clinical use by the U.S. Food and Drug and Administration (1) . Identification of nontuberculous mycobacteria (NTM) is also warranted, since at least 33 species have been associated with disease outbreaks (2) .
Although many mycobacteriology laboratories in the U.S. currently use high-performance liquid chromatography (HPLC) of mycolic acids to identify NTM isolates (3) , genotypic methods to identify polymorphisms in either 16S rDNA or hsp65, which encodes the 65-kDa heat shock protein using restriction analyses, have been described (4) (5) (6) (7) . The standardized method for PCR restriction analysis (PRA) of hsp65 involves determining the sizes of restriction fragments after a 439-bp PCR product is digested with BstEII or HaeIII (8) . Since the sizes of these fragments can be estimated only when they are electrophoresed in agarose or acrylamide gels and compared with a sizing standard included in the gel, additional methods are needed for DNA electrophoresis, in which the sizes of fragments are automatically and accurately determined.
The control of TB and other mycobacterial diseases also relies on laboratory characterizations of the relationships among isolates that may be involved in disease outbreaks. The application of the insertion sequence IS6110 as a probe to evaluate heterogeneities in the genomes of M. tuberculosis isolates have advanced TB control efforts throughout the world. Newer genotypic methods, including spacer oligonucleotide typing (spoligotyping) (9) and mycobacterial interspersed repetitive unit-variable number tandem repeat (MIRU-VNTR) typing (10) are currently under evaluation as more efficient alternatives to IS6110 fingerprinting for typing M. tuberculosis isolates. The latter of these methods does not require DNA-DNA hybridizations and is a simple amplification assay to determine the number of tandem nucleotide repeats based on PCR product sizes at 12 regions in the M. tuberculosis genome. Like hsp65 PRA, accurate determination of the sizes of MIRU-VNTR amplimers after electrophoresis is required. A multiplex assay enabled by the use of fluorescently labeled primers and high-throughput analysis including automatic product sizing was described in 2001 as a means to reduce the number of individual PCRs from 12 and to remove subjectivity in determining the sizes of PCR products (11) .
The need for expeditious epidemiologic typing of NTM organisms has intensified in parallel with the increasing Identifying Mycobacterium species and strain typing using a microfluidic labchip instrument Robert C. Cooksey, Josef Limor, Glenn P. Morlock, and Jack T. Crawford frequency of reported outbreaks caused by these species. Typing methods that have demonstrated applicability to most, or all, NTM species include multilocus enzyme electrophoresis (MEE) using starch gels (12) , pulse-field gel electrophoresis of infrequent-target restriction enzyme digests (13) , and randomly amplified polymorphic DNA (RAPD) electrophoresis (14) . The last of these methods offers the greatest ease of performance, since it is also a simple PCR procedure using a single short (10-mer) oligonucleotide and low (e.g., 37°C) annealing temperatures. Determination of product sizes after electrophoresis is not critical for RAPD typing, but patterns of isolates can be compared only with those included in the same gel. Isolates with patterns that match in the numbers and electrophoretic mobilities of bands are considered to be a common strain.
This assortment of genotypic assays to characterize mycobacteria that have electrophoresis of linear doublestranded DNA (dsDNA) in common demonstrates the need for a universal performance format. As for most modern laboratory technology, the features of such an electrophoresis format should include low cost, ease and speed of use, accuracy, reproducibility, versatility, and low waste generation. Microfluidic devices are part of recent technology that may rank high in each of these categories (15) .
We evaluated a microfluidic labchip instrument, the Model 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA), for performance of PRA to identify Mycobacterium species, for MIRU-VNTR typing of M. tuberculosis isolates, and for RAPD typing of NTM isolates. A sieving polymer containing a fluorescent dye is distributed in microchannels of a disposable labchip using manual pressure applied with a syringe. Twelve samples (1 µL each) and a molecular-size ladder in individual wells move through the microchannels and are then injected into a separation channel where components are electrophoretically separated and detected by fluorescence. A typical analytical run requires approximately 30 min, and data are displayed as both simulated bands on gel images and peaks in electropherograms. The instrument is conveniently small (162 × 412 × 290 mm) and is complemented with an assortment of kits, including disposable labchips for flow cytometric, RNA, and protein analyses, as well as analyses of dsDNA in four size groups (25-500 bp; 25-1000 bp; 100-7500 bp; and 100-12,000 bp). The manufacturer states that the accuracy of size determinations by the instrument may err by between 10% and 15%, depending on the kit used, and states that quantitation of dsDNA in a range of 0.5-50 ng may err by ≤30%. We customized protocols for performance of each assay using the labchip instrument and evaluated results for accuracy and reproducibility.
MATERIALS AND METHODS

Bacterial Strains
Seven strains of M. tuberculosis and 22 isolates representing 11 NTM species were obtained from our stock collection. The M. tuberculosis strains were typed using the MIRU-VNTR method (10) . Strains were selected on the basis of diversity at each of the 12 loci as determined previously. These strains (and their MIRU-VNTR patterns) were 2837 (125325143224), 2833 (224225143225), 1467 (223324163633), 1473 (2343 25153321), 2832 (322325163643), 2844 (233325153322), and H 37 Rv (ATCC-27294) (ATCC, Manassas, VA, USA) (22.53226133321). The last of these strains has an aberrant copy number between 2 and 3 at the second MIRU region (no. 4) (16) .
In addition to M. tuberculosis, 2 isolates each of 11 additional species were selected and identified previously by mycolic acid patterns using HPLC (3 
Genotypic Methods
Crude DNA preparations were obtained from Middlebrook 7H9 broth cultures (Remel, Lenexa, KS, USA) grown at 37°C (except for M. fortuitum, M. abscessus, and M. chelonae, which were incubated at 30°C) to stationary growth phase using a bead agitation method (18) with the following modifications: 1 mL of culture was added to a 2-mL BioPulverizer tube prepackaged with Lysing Matrix B (Qbiogene, Carlsbad, CA, USA). Cells were disrupted using a FastPrep ® Model FP120A agitator (Qbiogene) for 40 s at a power setting of 6. For PRA, these crude DNA templates (1 µL) were used in PCRs to amplify a 439-bp region of the gene that codes for the 65-kDa heat shock protein (hsp65) (19) using primers TB11 and TB12 (8) and conditions as previously described (20) , except that the annealing temperature during PCR was 60°C. Restriction endonucleases (HaeIII and BstEII) were obtained from Sigma (St. Louis, MO, USA) and used to digest the hsp65 products as previously described (21) .
Typing of M. tuberculosis strains was performed by the MIRU-VNTR method using 12 primer sets, the nucleotide sequences of which are available upon request. Reaction mixtures containing 5 µL of HotStarTaq™ DNA Polymerase Master Mix (Qiagen, Valencia, CA, USA) and 0.4 µL (200 nM) of each primer, in a total volume of 9 µL, were added to 1 µL template DNA. PCR amplification was performed using a GeneAmp ® PCR System 9700 Thermal Cycler (Applied Biosystems, Foster City, CA, USA) set for the following conditions: 15 min at 95°C, 40 cycles of 30 s at 94°C, 30 s at 65°C, and 1 min at 72°C, with a final incubation for 7 min at 72°C.
The RAPD typing method was performed as previously described (22) . Primers were 10-mer oligonucleotides and included RAPD1 (22) , OPC2, OPC5, OPC8, OPA2, and OPA7 (23, 24) . Reaction mixtures for RAPD PCR were prepared as described above, except that only a single primer was used in each reaction at a final concentration of 600 nM. The stability of RAPD patterns (i.e., the number and electrophoretic mobility of gel bands) as related to the age of cultures was evaluated by extracting DNA templates from 1-mL aliquots of broth cultures incubated for 5, 7, 9, 12, 14, or 16 days. PCR amplification was performed as described above, except that only 35 cycles were used, and the annealing step was 1 min at 37°C.
Electrophoresis
Aliquots of PRA, MIRU, and RAPD reactions were electrophoresed in both conventional horizontal agarose gels and in the microfluidic labchip instrument. Restriction digests (5 µL) were electrophoresed at 100 V for 2 h in 3% Metaphor agarose gels (BioWhittaker Molecular Applications, Rockland, Sizes were average of duplicate runs for two strains (four sizes total). hsp65, the gene that codes for the 65-kDA heat shock protein (439-bp PCR product). RESEARCH REPORT ME, USA) prepared in 1× Tris-borate EDTA (TBE). The MIRU and RAPD aliquots (5 µL) were electrophoresed in 2% Metaphor gels using the same conditions. Metaphor gels were incubated for 30-60 min at 4°C prior to running, as recommended by the manufacturer. MIRU products were prepared and analyzed in duplicate. Restriction digests were treated with an equal volume of phenol/chloroform/isoamyl alcohol (PCI) (50:49:1, v/v). The samples were briefly vortex mixed after the PCI was added, the aqueous (upper) layer was retrieved after microcentrifugation for 10 min at 3400× g, and 1 µL was analyzed on the labchip instrument using the DNA 500 and DNA 1000 LabChip ® kits (Agilent Technologies) according to the manufacturer's instructions. The same volumes (1 µL) of MIRU and RAPD preparations were analyzed on the labchip instrument using DNA 1000 and DNA 7500 kits, respectively. Samples were combined in labchip wells with a gel matrix containing dye and internal size standards included with each of the kits, vortex mixed, and electrophoresed. In addition to a simulated gel image and chromatogram, the labchip instrument software also provided tabulated results that included band migration time (s), sizes (bp), concentration (ng/µL), corrected peak area, and molarity (nmol/ L) of DNA fragments. The DNA fragment sizes were evaluated for the PRA and MIRU procedures, but not for the
Figure 1. PCR restriction analysis of the gene that codes for the 65-kDa heat shock protein (hsp65).
The 439-bp hsp65 PCR products were digested with either BstEII or HaeIII (followed by treatment with phenol/chloroform/isoamyl alcohol; 50:49:1, v/v), and 1 µL was tested on the labchip instrument using the manufacturer's DNA 500 kit. The size standard is in lane L with fragment sizes (bp) listed on the left, and internal size markers for lane normalization align with 15-and 600-bp ladder bands. BstEII digests are in lanes 1, 3, 5, 7, 9, and 11, and HaeIII digests are in lanes 2, 4, 6, 8, 10, and 12. Isolates included Mycobacterium tuberculosis H 37 Rv (lanes 1 and 2) , Mycobacterium avium TMC721 (lanes 3 and 4) , Mycobacterium gordonae 88-688 (lanes 5 and 6), Mycobacterium fortuitum 85-1247 (lanes 7 and 8) , Mycobacterium abscessus 99-6081 (lanes 9 and 10), and Mycobacterium xenopi TMC1482 (lanes 11 and 12) .
RAPD results for which major bands in each of the lanes on the simulated gel image were compared.
RESULTS
Two isolates each of 12
Mycobacterium species were examined by hsp65 PRA. The 439-bp hsp65 PCR products were digested with BstEII and HaeIII in separate reactions, and 1 µL of each was examined on the Model 2100 Bioanalyzer using the DNA 500 kit. The HaeIII patterns were uninterpretable, because the two internal size standards were absent after electrophoresis, most likely because of restriction by residual HaeIII despite heating the reactions to 65°C for 10 min to inactivate the endonuclease activity. The treatment with PCI eliminated the apparent degradation of the internal size standards, and interpretation of fragment sizes was restored to the labchip instrument. The internal standards were apparently unaffected by residual enzyme activity in BstEII digests, and patterns were interpretable without additional treatment of the restriction digests. The predicted sizes of restriction fragments (Table 1) were obtained either from a multicenter Web site for hsp65 PRA analyses (http: //www.hospvd.ch/prasite) or from the locations of restriction sites using our own sequence data (19) . The largest three fragments generated by BstEII and HaeIII that were >20 bp were evaluated for each of the 12 species except for those species for which less than three fragments were obtained. These patterns included six restriction fragments for four species, five fragments for six species, and four fragments for two species ( Table 1 ). The sizes of restriction fragments that were determined by the labchip instrument are shown in Table 1 as the average of four results (duplicate runs for the two isolates of each species). These averages differed from the predicted fragment sizes in a range of 2 bp greater to 22 bp smaller, and the average variance was -6.53 bp (Table  1) . Restriction patterns for the M. xenopi and M. gordonae isolates matched. An electrophoretic gel image for six isolates is shown in Figure 1 and resembled patterns observed after 5-µL samples of digests were electrophoresed in 3% Metaphor agarose gels. The BstEII digest of M. gordonae isolate 88-688 (lane 5) was apparently incomplete, since the predominant band identified by the labchip instrument correlated with undigested PCR product even though three additional bands consistent with the BstEII pattern for M. gordonae were also identified.
Twelve MIRU-VNTR regions for each of seven M. tuberculosis strains were examined by electrophoresis of PCR products on the labchip instrument using the DNA 1000 kit ( Table 2 ). The MIRU-VNTR types were confirmed by electrophoresing 5-µL aliquots of each of the 12 PCRs in 2% Metaphor agarose gels. The number of MIRU repeats for each region ranged from 1 to 6 copies, and 32 MIRU products were represented among the 12 regions. The sizes of all products determined by the labchip instrument were less than those predicted from sequence analyses and ranged from -6.6% (MIRU-VNTR locus no. 23 with 6 copies of the repeat) to -1.9% (locus no. 2 with 1 copy).
The average variance of 166 results from predicted values was 13.47 bp (-3.63%). Duplex MIRU analysis was based on the selection of six pairs of MIRU regions for which none of the possible products for one region were of the same size as any possible product for the second region and for which only two specific products were observed for each of the seven strains. The average variance was used to estimate possible PCR product sizes for regions for which we had no strains to represent the number of repeat copies. An example was MIRU-VNTR region no.10, for which our seven test isolates had either 2, 3, 4, or 5 copies of the 53-bp repeat ( Table 2 ). The predicted product size for a theoretical strain having only a single copy of the repeat is 273 bp, and the predicted result for the labchip instrument is 3.63% smaller, or approximately 263 bp. Regions that were paired according to the absence of matching products based on observed or predicted sizes included regions 2 and 24, 4 and 20, 10 and 40, 16 and 23, 26 and 31, and 27 and 39. One microliter of the products was examined for strains 2837 and H 37 Rv using the labchip instrument, and two bands were observed in each lane (Figure 2) . Sizes of duplex MIRU products were within the ranges shown in Table 2 .
Among the six primers evaluated for RAPD typing of M. abscessus and M. chelonae isolates, PCR using primer RAPD1 yielded more electrophoretic bands and better differentiation among strains as determined by MEE patterns than did PCR using the remaining five primers. The RAPD patterns of M. abscessus and M. chelonae isolates that represented 12 MEE types that were electrophoresed using the labchip instrument are shown in Figure 3 . The RAPD patterns for all isolates were different except for those seen for M. abscessus MEE types 4, 5, and 6, and minor patterns differences were noted between MEE types 11 and 14.
Although band sizes that were determined by the labchip instrument were not routinely evaluated for RAPD experiments, none of the five most intense bands differed by 1% or more in size among MEE type isolates 4, 5, and 6 or among MEE types 11 and 14. The same RAPD pattern relationships were observed using the remaining 5 primers, even though some interpretations proved to be more difficult because of the paucity of bands for these primers. Banding patterns represented by the labchip instrument's gel image were generally easier to interpret than those observed after analyzing 5-µL RAPD samples in 2% Metaphor gels, since nonspecific lane smears and curved bands were less apparent. The reproducibility of RAPD patterns as related to the age of broth cultures used to prepare DNA templates was evaluated for strain 99-6052 (MEE type 5) using primer RAPD1. No differences in patterns were observed using 1-mL aliquots of broth cultures harvested after incubation for 5, 7, 9, 12, 14, or 16 days of incubation (data not shown).
DISCUSSION
The analyzed results of data obtained using the labchip instrument agreed with results obtained from the same samples using conventional agarose electrophoresis or by HPLC analyses for species identification. The 24 isolates representing 12 Mycobacterium species were correctly identified by PRA, as were the MIRU-VNTR patterns of 7 M. tuberculosis strains despite errors in results that varied from predicted sizes by an average of 6.53 bp for PRA and 13.47 bp for MIRU-VNTR. With only rare exception, the sizes of fragments and PCR products were smaller than the predicted sizes, but the overall error was less than that warned by the manufacturer (10%-15%). Although these average variances will most likely change if additional strains are examined, the existing data have enabled our design of interpretive tables for both species identification and MIRU-VNTR types. At least nine RAPD patterns were present among 10 MEE groups of M. abscessus and 2 MEE groups of M. chelonae examined. The MEE groups for which matching RAPD patterns were found (MEE types 4, 5, and 6) were previously shown to be similar by phylogenetic analysis (genetic distance, <0.07) (17) . Although the fragments were sized and quantitated by the labchip instrument software, emphasis was placed on analyses of bands with the greatest intensities as shown on the simulated gel 
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image. These patterns overall were easier to interpret than the same patterns after electrophoresis in 2% Metaphor agarose gels. Among the six previously described RAPD primers that we used to evaluate M. chelonae and M. abscessus isolates, RAPD1 provided optimal strain resolution and will, therefore, be the primer of choice in future evaluations of these species. Our intention, however, is to continue to evaluate all six RAPD primers against other NTM species.
Instructions for using the labchip instrument were straightforward, and a minimum of training was required. Each of the three identification and typing schemes we evaluated using the labchip instrument utilize the same DNA template, and the volumes of reagents may be reduced since only 1 µL is evaluated in the instrument. These may be considered to be additional cost-saving factors.
Our findings are not meant to address the validity of the three procedures used in this study, but rather to determine if the Model 2100 Bioanalyzer is a suitable adjunct format for their performance. Even though errors in electrophoretic data were observed using the labchip instrument, sizes of DNA products from duplicate runs were generally reproducible and resulted in correct interpretations of species identifications and strain types.
